Municipal solid waste management system (MSWMS) includes MSW generation, storage, collection, transfer and transport, processing and disposal Keywords: solid waste management, system dynamics, modeling, Delhi.
INTRODUCTION
The state of Delhi with a population of approximately 15 millions is one of the biggest metropolises of the world. With increasing urbanization and changing lifestyle, the amount of MSW has been increased rapidly, and the composition has been changing. The people of Delhi generate millions of tones of MSW yearly and the MSW quantity is increasing with the population growth. The flow network of MSW stream in Delhi is divided into three main sets: generation sources, intermediate facilities (composting and recycling) and ultimate disposal (landfills). The collection and disposal of MSW have been entrusted to three municipalities i.e. Municipal Corporation of Delhi (MCD), New Delhi Municipal Corporation (NDMC) and Delhi Cantonment Board (DCB). The Conservancy and Sanitation Engineering (CSE) Department of MCD is responsible for MSWM in most of the State running a comprehensive operation of street cleansing, MSW collection, transportation and disposal at landfill sites, repair and maintenance of the MSW storage facilities, dustbins, transportation vehicles involving a large number of staff and mobile equipment and plant. The municipal corporation often depends on the vehicle trips record to estimate the waste quantity. This does not give the actual picture of waste generation. Studies carried out by MCD to estimate the quantity and characteristics of MSW during 2005 and it indicated that Delhi generates about 8567 tons of waste every day. About 6554 tons (i.e., 76.5 % of total waste generated) is collected from 2400 secondary collection points, however, 2000 tons (i.e., 23.5 %) does not reach the municipal stream. This unaccounted waste is either recycled by rag pickers at various locations or left unattended at various stages of waste generation, collection and transportation wherever services are not provided properly. The per capita generation of MSW in Delhi is approximately 0.5 Kg/capita/day (MCD, 2006; NDMC, 2006; MCD, 2005; NDMC, 2005; Sharholy et al., 2005; MCD, 2004) .
Delhi has been disposing of its MSW in three sanitary landfills namely, Okhla, Gazipur and Bhalswa; these landfills are mere dumps without proper liners and leachate collection systems. For treatment and processing of MSW, there are three compost plants two in Okhla operated by MCD and NDMC and one in Bhalswa operated by a private developer (M/s Excel Industries Limited). Recycling of MSW is a widely prevalent activity in Delhi and an extensive network of informal and formal stakeholders are involved in this process. The number of rag pickers in Delhi is ranging from 80,000 to 100,000 and each one collects around 15 kg of waste everyday, it reduces the load for treatment and disposal by 1200-1500 tons per day. Recycling units in Delhi work both in formal and informal sectors and geography spread across Delhi and it is generally done in a dirty and unhygienic manner CPCB, 2004) .
System Dynamics (SD) is a methodology for analyzing complex systems and problems over time with the aid of computer simulation software. It deals with internal feedback loops and time delays that affect the behaviour of the entire system. What makes using SD different from other approaches for studying complex systems is the use of feedback loops, Talyan et al. (2007) and Chaerul and Tanaka (2007) presented a detailed description about SD and its applications. Computer software is used to simulate a SD model of the situation being studied. The mathematical mapping of a SD stock-flow diagram occurs via a system of differential equations, which is solved numerically via simulation. Nowadays, high-level graphical simulation programs (such as i-think, Stella, Vensim, and Powersim) support the analysis and study of these systems. The real power of SD is utilised through simulation. Although it is possible to perform the modeling in a spreadsheet, there is a variety of software packages that have been optimised for this. The steps involved in a simulation are:
 Define the problem boundary  Identify the most important stocks and flows that change these stock levels  Identify sources of information that impact the flows  Identify the main feedback loops  Draw a causal loop diagram that links the stocks, flows and sources of information  Write the equations that determine the flows  Estimate the parameters and initial conditions. These can be estimated using statistical methods, expert opinion, market research data or other relevant sources of information.  Simulate the model and analyse results SD modeling has found application in a wide range of areas and it has been used to address practically every sort of feedback system, including population, business systems, ecological systems, social-economic systems, agricultural systems, political decision making systems, and environmental systems (Dyson and Chang, 2005) . The policy makers and researchers have extensively used SD approach for every sort of complex and dynamic system such as political decisionmaking systems (Nail et al., 1992) , environmental impact assessment (Vizayakumar and Mohapatra, 1991; Vizayakumar and Mohapatra, 1993) , global warming and greenhouse gas emissions (Sterman et al., 2002; Anand et al., 2005) , water resource planning (Ford, 1996) , environmental planning and management (Vezjak et al., 1998; Wood and Shelley, 1999; Abbott and Stanley, 1999; Guo et al., 2001) , ecological modeling (Wu et al., 1993; Saysel and Barlas, 2001 ), value of water conservation (Stave, 2003) , the consequences of dioxin to the supply chain of the chicken industry (Minegishi and Thiel, 2000) , modeling of a shallow freshwater lake for ecological and economic sustainability (Guneralp and Barlas, 2003) , the impact of environmental issues on long-term behavior of a single product supply chain with product recovery (Georgiadis and Vlachos, 2004) , sustainability of ecological agricultural development at a county level (Shi and Gill, 2005) , environmental sustainability in an agricultural development project (Saysel et al., 2002) , regional sustainable development issues (Bach and Saeed, 1992) and SWM (Mashayekhi, 1993; Sudhir et al., 1997; Karavezyris et al., 2002; Themelis et al., 2002; Dyson and Chang, 2005; Sufian and Bala, 2007; Talyan et al., 2007 Chaerul and Tanaka, 2007) . Mashayekhi (1993) explored a dynamic analysis for analyzing the transition of landfill method of disposal to other forms of disposal for the city of New York. Sudhir et al. (1997) employed a SD model to capture the dynamic nature of interactions among the various elements of urban SWMS in a typical metropolitan city in India. The model has provided a platform for debate on the potential and systemic consequences of various structural and policy alternatives for sustainable SWM. Karavezyris et al. (2002) developed a methodology to incorporate qualitative variables such as voluntary recycling participation and regulation impact quantitatively to forecast SW generation. Themelis et al. (2002) reported that the heating values of the different types of wastes decrease as the moisture content increases. Dyson and Chang (2005) emphasized the capability of SD for the prediction of SW generation in an urban setting with a high economic growth potential. The authors developed SD models based on the simulation of five different combinations of factors that influence SW generation. The factors include: total income per service center; people per household; historical amount generated; income per household and population. Sufian and Bala (2007) developed a SD computer model to predict SW generation, collection capacity and electricity generation from SW and to assess the needs for SWM of the urban city of Dhaka, Bangladesh. Talyan et al. (2007) developed a SD approach to quantify the methane emission from MSW disposal in Delhi. Chaerul and Tanaka (2007) developed a SD approach to determine the interactive relation among factors in hospital waste management system in a developing country.
METHODOLOGY
Initial step of SD modeling approach is the identification of problem followed by development of dynamic hypothesis explaining the causes of the problem. The dynamic model is converted to the causal loop diagrams or stock flow diagrams, which are based on the interlinkage of different components associated within the system. This model formulation is normally designed to test a computer simulation model with regard to the alternative policies within the system. In SD modeling, simulations are time dependent. To develop SD models, the relevant study material can be found in the literature (Forrester, 1961; Forrester, 1968; Randers, 1980; Richardson and Pugh, 1989; Mohapatra et al., 1994) . As far as SWM is concerned, the prediction of waste generation plays an important role in the management system. Traditional forecasting methods frequently count on the demographic and socioeconomic factors on a per-capita basis. In order to forecast the MSW generation of a complex waste management system, a SD model has been proposed. In this study 
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Explanatory Model -Causal Loop Diagram
The causal loop diagram has presented in Fig. 1 depicts the relationships between the essential elements of MSWMS in Delhi and the influencing factors. An important issue is that the amount of MSW generation increases with the increase in population and growth economic (GSDP and per capita income). If the MSW generated is disposed of in an inappropriate way it will negatively affect the environment and cause environmental problems then the funds required for managing this waste will be increased causing deficit in the municipal budget. Applying an integrated MSWMS (IMSWMS) can minimize the environmental effects. The environmental problems have a strong influence on the three main factors: legal, economic and social patterns. Firstly, the legislative rules set up goals and standards to regulate the impact of the different treatment technologies. Thus, goals and standards contribute to the establishment of IMSWMS through MSWM plans (MSWMP). Secondly, the environment problems lead to economic burden for municipalities, governments and indirectly for the general public as well. In order to decrease further the environmental problems and to create revenues and fund for MSWM, a tax system is introduced. This also stimulates the IMSWMS by promoting the appropriate treatment methods, which can also help in covering the deficit in the municipal budget. In addition, increasing public awareness about different problems associated with MSW may help in source segregation and reduction, thus reinforcing the IMSWMS. (MCD, 2004; CPCB, 2004) . The relationship between the per capita GSDP and the per capita MSW generation rate was estimated and then the per capita MSW generation rate was determined. The population and per capita generation rate can give the amount of MSW generated for the city. The recyclables fraction of waste ranges from 13-20% MCD, 2005; MCD, 2006; NDMC, 2005; NDMC; 2006) . The initial value of recyclables fraction was taken as 15% for the year 2001. This fraction will grow at rate of 0.005 yearly. It is assumed that the recycling efficiency is 50%. The recycling system involves the formal sector, the municipal body and a large informal sector that consists of many actors such as rag pickers, itinerant buyers, small scrap dealers and wholesalers, which are responsible for recycling of MSW. The informal sector's involvement in recycling of MSW is making it highly efficient. Using the previous data the amount of recycled waste can be estimated, then the amount of collected MSW using 80% the collection efficiency and the amount of MSW left without collection can be estimated (TERI, 2003) .
A System Dynamics Model for the Existing
MSWMS (2001-2006)
At present, the three composting plants are operating at about 50% of its design capacity i.e. 850 t/day because of high operating and maintenance costs compared with open landfills, higher compost cost as compared to the commercial fertilizers and improper separation of the inert materials such as plastic and glass, which degrade the quality of final compost. The remaining waste is dumped in three active landfills. It is assumed that 25 % of waste treated through composting is converted to compost, 10% is left as residue, which contribute to the MSW going for landfills and the rest lost due to respiration and evaporation (MCD, 2004) . The three existing landfills are receiving collected MSW and the remaining residues of the other processes like recycling and composting plants. The funds required for MSWM depend on the funds required for MSW storage, collection and transportation and the annual operating and maintenance costs for landfills and composting plants. It is assumed that MSW storage; collection and transportation consume 90% of the total funds available for MSWM (MCD, 2004; MCD, 2005; MCD, 2006; NDMC, 2005; NDMC, 2006) . The funds available for MSWM depend on the economic growth (GSDP), which in turn influence municipal budget. The per capita expenditure for MSWM depends on population and the funds available for MSWM.
To develop a quantitative model the causal loop diagram is converted to stock flow diagram, which explains the physical as well as the information flows among various elements of the MSWM model. The detailed stock flow diagram of MSWM model is explained in Fig. 2 . The MSWMS is depicting the interaction of MSW generation and population, per capita GSDP and per capita MSW generation rate. The system also defines the quantity of MSW collected, uncollected, recycled, composted and disposed of in landfills. In addition, the system determines the funds required for MSWM and the surplus or deficit in MSWM budget. The MSW generated is considered to be product of the two variables: the population (P) and the per capita MSW generation rate (MSW pc The sanitary landfills and the existing landfills will be provided with the facility of landfill gas recovery system after closure.
The detailed stock flow diagram of the proposed MSWMS model is explained in Fig 3. The MSWMS is depicting the interaction of MSW generation and population, and per capita MSW generation rate. The system also defines the quantity of MSW collected, uncollected, recycled, composted, treated by biomethanation and RDF plants and disposed of in landfills. In addition, the system determines the estimated budget for MSWM for the period 2001-2024. The MSW generated is considered to be product of the two variables: the population (P) and the per capita MSW generation rate (MSW pc ). The annual MSW generation is computed using the following dynamo equations: 
Existing Scenario (2001-2006)
The trend for population and various major variables as MSW generated, collected, uncollected, recycled, disposed of and composted (treated) for the existing scenario is shown in Fig.  4 and Fig 
Proposed Scenario (2006-2024)
The trend for population and various major variables as MSW generated, collected, uncollected, recycled, disposed of and treated for the proposed scenario is shown in Fig. 9 , Fig. 10 and 
